The aim of this paper is to present accelerations and peak acceleration amplification coefficients in a concrete faced rockfill (CFR) dam. For this purpose, Torul CFR dam is considered by using finite element method. Hydrodynamic pressure of the reservoir water is considered modeled using the fluid finite elements based on the Lagrangian approach. Deconvolution of surface accelerograms is taken into account in numerical solutions. Geometric, material and connection non-linearity are considered in the finite element analyses. The Drucker-Prager model and the multi-linear kinematic hardening model are used for concrete slab and rockfill, respectively, in the materially non-linear analysis. Non-linear behavior of the rockfill is obtained by the uniaxial stress-strain relation. The stress-strain curve of the rockfill is obtained using the shear modulusshear strain relation produced for the gravels. Different joints in the CFR dam are modeled with both welded and friction contacts. The friction in the joints is provided with contact-target element pairs based on the Coulomb's friction law. The accelerations in the bottom and crest of the dam are compared each other since welded and friction contact in dam-foundation interface. Then peak acceleration amplification coefficients are also obtained compared each other. According to numerical comparisons, when the rockfill behaves materially non-linear, the maximum horizontal accelerations and peak acceleration amplification coefficients decrease in the crest.
Introduction
Concrete faced rockfill (CFR) dam behavior under seismic excitation is very important and also complex. Because it includes dam-foundationreservoir interaction. CFR dams are exposed to hydrodynamic pressure on face slab. These dams prevent water penetration in the upstream face. Therefore, concrete-faced rockfill dams are known as safe structures under seismic excitations because they do not include porewater development. 6 ]. The design procedures should be assessed and developed by in-situ measurements and numerical simulations. The accelerations in the crest and acceleration amplification may be evaluated as an important parameter for the seismic response of a CFR dam.
This study comprehensively investigates the horizontal accelerations and peak accelerations amplification coefficients occurred in a CFR dam to deconvolved ground motion. The main of aim this paper is to fill an important gap related to this subject in this area. For this purpose, finite element modelling and analyses were carried out. Infinite boundary conditions were taken into consideration by using viscous dampers in foundation and reservoir water boundaries of the finite element model. The effect of the reservoir water on the upstream face of the dam is modelled by twodimensional fluid finite elements based on the Lagrangian approach. Welded and friction contact are used in the all joints of the interaction surfaces of the dam-reservoir-foundation interaction model. One-dimensional contact elements which uses the Coulomb's law is used to describe friction in the joints. The Drucker-Prager model for concrete slab and the multi-linear kinematic hardening model for rockfill are used to represent materially non-linear behavior. The uniaxial stress-strain relationship of the rockfill is derived from the shear modulusshear strain relationship of the gravels [7] .
Dam-reservoir-foundation interaction by the Lagrangian approach
The formulation of the fluid system based on the Lagrangian approach is presented as follows [8, 9] . This approach assumes the fluid as linearly compressible, inviscid and irrotational. For a general three-dimensional fluid, pressurevolumetric strain relationships can be written in matrix form as follows 
where P, C11, and v  are the pressures which are equal to mean stresses, the bulk modulus and the volumetric strains of the fluid, respectively. Since irrotational behavior of the fluid is considered like penalty methods [10, 11] , rotations and constraint parameters are included in the pressure-volumetric strain equation (Eq. (1)) of the fluid. In this equation, Px, Py and Pz are the rotational stresses; C22, C33 and C44 are the constraint parameters and wx, wy and wz are the rotations about the Cartesian axis x, y and z.
In this study, the equations of motion of the fluid system are obtained using energy principles. Using the finite element approximation, the total strain energy of the fluid system may be written as
where Uf and Kf are the nodal displacement vector and the stiffness matrix of the fluid system, respectively. Kf is obtained by the sum of the stiffness matrices of the fluid elements as follows
where Cf is the elasticity matrix consisting of diagonal terms in Eq. (1) .
is the straindisplacement matrix of the fluid element. An important behavior of fluid systems is the ability to displace without a change in volume. For reservoir and storage tanks, this movement is known as sloshing waves in which the displacement is in the vertical direction. The increase in the potential energy of the system because of the free surface motion can be written as
where Usf and Sf are the vertical nodal displacement vector and the stiffness matrix of the free surface of the fluid system, respectively. Sf is obtained by the sum of the stiffness matrices of the free surface fluid elements as follows
The Torul CFR Dam is located on the Harsit River, approximately 14km northwest of Torul, Gumushane ( Fig. 1 ). General Directorate of State Hydraulic Works completed the construction of this dam in 2007 [14] . The main goal of the reservoir is power generation. The volume of the dam body is 4.6×106m 3 and the water area of the reservoir at the normal water level is 3.62km 2 . The annual total power generation capacity is 322.28GW. The length of the dam crest is 320m, the width of the dam crest is 12m, and the maximum height and base width of the dam crest are 142m and 420m, respectively. The maximum water level is 137.5m. The thickness of the concrete slab is 0.3m at the crest level and 0.7m at the foundation level. The largest cross section and the dimensions of the dam are shown in 
Material properties of Torul dam
The Torul dam body consists of a concrete face slab, transition zones (2A, 3A), rockfill zones (3B, 3C) and riprap (3D), respectively, from upstream to downstream. These zones are arranged from thin granules to thick particles in the upstreamdownstream direction. Spilite (below), limestone (middle) and volcanic tufa (upper) exist in the foundation soil. The material properties of the dam and foundation soil used in linear and non-linear analysis are given in Table 1 . This study considers the Young's modulus of 3C zone as 200MPa [15] because the rockfill is well graded, well compacted and constituted of materials with high compression modulus. The material properties of rockfill zones are chosen considering that elastic constant increases with maximum particle size for alluvial material while it decreases with maximum particle size for quarried material [16] . The cohesion and the angle of internal friction of the concrete are assumed to be 2.50MPa and 30 o , respectively. In addition, the concrete has a tensile strength of 1.6MPa and compression strength of 20MPa [17] .
The bulk modulus and mass density of the reservoir water are 2.07×10 3 MPa and 1000kg/m 3 , respectively. 
Finite element model of Torul dam
The two-dimensional finite element model the selected CFR dam is shown in Fig 
Structural connections in a CFR dam
There are various joints in a CFR dam. The connections in these joints are generally modeled considering welded and friction contact. Welded contact defines common nodes in the contact interface. Therefore, stress or displacement transmission is not possible in this interface, because the same displacement and common stress components in the related node of adjacent elements are obtained ( Fig. 4 ). However, interface or contact elements are required for friction contact (Fig. 4 ). Interface elements, which are four or six noded finite elements for plane systems, provide friction behavior by defined transverse shear stiffness. In the other case, two or three noded contact element pairs define friction. In this study, two noded surface-to-surface contact and target elements are used. In the course of using this element, if contact occurs, sliding appears depending on the maximum shear stress allowed and friction coefficient.
If the material properties of the adjacent media are different, the connection in their interface should be formed with different nodes. It can be said that for a CFR dam, concrete slab-rockfill, rockfill-foundation, concrete slab-plinth and plinthfoundation interfaces can be regarded. Therefore, friction in these interfaces can provide more realistic results. This study considers Coulomb's friction law in these interfaces.
Two contacting surfaces can bear shear stress up to a certain extent across their interfaces before sliding in the Coulomb's friction law. This is named as "stick" case. Coulomb's friction model is defined with '' equivalent shear stress in which sliding begins as a part of 'p' contact pressure. This stress is τlim = µp + c where, τlim is limit shear stress, '' is friction coefficient and 'c' is contact cohesion [18] . Once equivalent shear stress exceeds τlim, the contact and target surfaces move relatively in respect of each other. This is named as "sliding". Friction coefficient of '0' refers the frictionless contact problems. However, friction coefficient is '1' for bonded surfaces. Maximum shear stress can be calculated using empirical sources. In addition, this stress can also approach 3 y σ where y is yield stress. The other term, which is cohesion, has stress unit as shear stress and provides sliding resistance even with zero normal pressure.
Non-linear behavior of CFR Dams
Permanent deformations are observed in the earthfill dams under strong ground motions. This refers that the response of the earthfill dams are actually not linear. Therefore, beyond the linear response of those should be taken into consideration in the numerical analysis. Non-linear response of rockfill and foundation rock is determined by the multi-linear kinematic hardening model. In this method, uniaxial stress-strain curve of the non-linear material is required. This curve can be determined by shear modulus-shear strain relationship for rock and rockfill materials. Rollins et al. [7] produced the best-fit hyperbolic curve defining G/Gmax versus cyclic shear strain relationship for gravelly soils based on testing by 15 investigators (Fig. 5 ). This study considers the best curve produced by Rollins et al. (7) for rockfill. In addition, shear modulus-shear strain relation for rock soils obtained from experimental studies by Schnabel et al. [19] is used for rock foundation (Fig.  6 ). The uni-axial stress-strain curves for rockfill and foundation soil are determined by using these curves as shown in Figs. 7 and 8. Besides, nonlinear response of the concrete slab is determined according to the Drucker-Prager material model.
Concrete slab thickness
One of the basic problems for CFR dams is the concrete slab thickness. There is an aspect that a constant thickness of 30cm for concrete slab is sufficient. However, the minimum allowed thickness is 30cm for concrete slabs. But, how the reduced thickness of the concrete slab affects the performance of a CFR dam subjected to earthquake is a matter of debate.
There are various thickness functions developed for concrete slab depending on dam height (HD). Qian [20] compiled several thickness functions for concrete slab on CFR dams constructed in China. Qian [20] gives some selected functions for concrete slab considered. Bottom thickness is obtained as 72.6cm in Table 2 in line 3, but this is fairly near the constructed bottom thickness of the concrete slab of Torul Dam. Therefore, the current thickness of 70cm is used in the numerical models. 
Analysis cases
In this study, numerical solutions are performed according to four analysis cases which contain geometrically and materially non-linear analyses as given in Table 3 . The aim of these cases is to obviously reveal the effect of the materially nonlinear behavior of the rockfill and concrete slab on the earthquake response of the dam.
Deconvolved ground motion model

The deconvolved-base rock input model
Free-field surface motions recorded during earthquakes reflect to the characteristics of underlying soil layers at the recording site [21, 22] . Real ground response problems usually involve soil deposits with layers of different stiffness and damping characteristics with boundaries at which elastic wave energy will be reflected and/or transmitted [22] . The theory considers the responses associated with vertical propagation of shear waves through the linear viscoelastic system. A soil deposit consisting of n horizontal layers where the n th layer is bedrock is taken into account in Fig. 9 . Each layer is homogeneous and isotropic. hn= Vertical propagation of shear waves through the system in Fig. 9 will cause only horizontally displacements. Introducing a local coordinate system z for each layer, the displacements at the top and bottom of layer m will be:
The shear stresses at the top and bottom of layer m are:
where, values of zm are taken into account as zero and hm. The transfer function Fij(ω) between the displacements at level i and j is defined by
where ai and bi are the transfer functions for the case a1 = b1 = 1. Eq. (14) describes the amplification of accelerations and velocities. The transfer function, Fij(ω), can be found between any two layers in the system. Hence, if the motion is known in any one layer in the system, the motion can be computed in any other layer [19] .
Ground motion record
The reliability of the CFR dam is determined to deconvolved ground motion. North-South component of 1992 Erzincan earthquake with peak ground acceleration (pga) of 0.515g is used [23] . In this study, earthquake record is deconvolved to base of the rock foundation considering three foundation layers using SHAKE91 [24] . The earthquake record obtained at the ground surface and deconvolved earthquake record are shown in Fig. 10 . It is clearly seen that the pga of the deconvolved accelerogram is lower than the freesurface accelerogram.
Numerical results
One of the most important parameters investigated in CFR dams is the peak acceleration amplification coefficients. They may give important impression about seismic response these dams. Accelerations occurred under strong ground motions increase from the bottom of the dam toward the crest. In this study, the change of the horizontal accelerations obtained at the crest and foundation is presented for different cases and concrete slab thicknesses. The horizontal accelerations are obtained at the middle part of the crest and the intersection part of 3B and 3C zones at bottom. However, two reciprocal nodes are considered at foundation for the CFR dam including friction contact. The peak acceleration amplification coefficients of the CFR dam are obtained using the horizontal accelerations acrest, abottom and afoundation which are the maximum horizontal acceleration at crest, bottom and foundation of the dam. One can obtain peak acceleration amplification coefficients with acrest/abottom and acrest/afoundation [25] . Thereby two different peak acceleration amplification coefficients are calculated in the CFR dam model including friction in the joints.
Accelerations in the CFR dam including welded contact in the joints
The maximum horizontal accelerations and the peak acceleration amplification coefficients obtained in the crest and the bottom of the dam are given in Tables 4-9 The horizontal accelerations and the peak acceleration amplification coefficients increase in the crest depending on those in Case 1 in which the rockfill is materially linear. However, the accelerations do not show a remarkable change in the bottom of the dam. As the concrete slab thickness increases, the accelerations in the crest and peak acceleration amplification coefficients decrease. The maximum horizontal accelerations decrease in the crest in Cases 2 and 3 where the rockfill is non-linear, furthermore peak acceleration amplification coefficients also decrease depending on those. While the accelerations in the crest and peak acceleration amplification coefficients increase by the hydrodynamic pressure in Case 2, those get close to each other in Case 3. The peak acceleration amplification coefficients are obtained lower than 2 in Cases 2 and 3 for each reservoir conditions of the dam including welded contact in the joints. In Case 1, as the face slab thickness decreases, peak acceleration amplification coefficients exceed 2
Accelerations in the CFR dam including friction contact in the joints
The maximum horizontal accelerations and the peak acceleration amplification coefficients obtained in the crest, the bottom of the dam and foundation are given in Tables 10-15 for the dam including friction in the joints according to different concrete slab thicknesses. In addition, the change of the horizontal accelerations at these sites with time is shown in Figs. 17-22 .
The hydrodynamic pressure is effective on the horizontal accelerations as the non-linear response of the rockfill. In Case 1, the horizontal accelerations at crest are higher during earthquake in empty reservoir condition as compared those in full reservoir condition. Nevertheless, a somewhat increase appears in the bottom of the dam by the effect of the hydrodynamic pressure about second 3. In Cases 2 and 3, the horizontal accelerations decrease in the crest for empty reservoir condition. Those increases in the bottom of the dam and gives a maximum value in second 3. However, the horizontal accelerations do not show a remarkable change in the foundation in no case for empty reservoir conditions. The maximum horizontal accelerations in the crest appear in second 3 in Cases 3 and 4 for full reservoir condition and also a peak value occurs in bottom of the dam. Besides, the horizontal accelerations occurred in the crest in Cases 2 and 3 during earthquake decrease as compared those occurred in Case 1. According to As compared the CFR dam models including welded and friction contact, the horizontal accelerations of the dam including friction contact in the joints have a less and expanded change during earthquake.
The maximum horizontal accelerations occurred in the crest decrease as the concrete slab thickness increases. As compared the horizontal accelerations in the bottom of the dam and the foundation, those in the bottom of the dam are higher than those in the foundation in each reservoir condition. The maximum accelerations occur in Case 3 for empty reservoir condition and nevertheless the accelerations decrease with the increase of the concrete slab thickness. It should be clarified that the horizontal accelerations in the crest, bottom and foundation of the dam have almost no change for different slab thicknesses.
The peak acceleration amplification coefficients increase with the increase of the concrete slab thickness if those are calculated considering the accelerations in the bottom of the dam. Nevertheless, those decrease only in Case 2 for empty reservoir condition. Besides, while the peak acceleration amplification coefficients calculated according to the accelerations in the foundation decrease for empty reservoir condition; those increase for full reservoir condition. The increase of the peak acceleration amplification coefficients in Case 1 for empty reservoir condition and the bottom slab thickness of 110 cm is based on the decrease of the accelerations in the bottom of the dam. But, the decrease of those according to the acceleration of the foundation the dam is resulted from the increase of the accelerations in the foundation of the dam. In addition to this, while the horizontal accelerations in the bottom and foundation of the dam increase in Case 1 for full reservoir condition and the bottom slab thickness of 30 cm, peak acceleration amplification coefficients clearly decrease.
The peak acceleration amplification coefficients are obtained lower than 2 in Cases 2 and 3 for each reservoir condition. Nevertheless, those increases in Case 1 and furthermore obtained accelerations exceed 3 for empty reservoir conditions. The peak acceleration amplification coefficients obtained using the accelerations in the foundation of the dam are higher than those obtained using the accelerations in the bottom of the dam because the horizontal accelerations in the bottom of the dam are higher than those in the foundation of the dam.
According to comparison in Case 1 for each reservoir condition, the peak acceleration amplification coefficients obtained from the CFR dam including friction are higher than those obtained from the CFR dam including welded contact in the joints. However, in Cases 2 and 3, while the peak acceleration amplification coefficients obtained using the accelerations in the foundation of the dam including friction in the joints are higher than those obtained from the dam including welded contact in the joints, the peak acceleration amplification coefficients are lower than those obtained in the bottom of the dam including friction in the joints.
Conclusions
The change of accelerations in a typical CFR dam to deconvolved ground motion is presented. The Drucker-Prager model is used for concrete slab and multi-linear kinematic hardening model is utilized for rockfill in the materially non-linear analysis. The selected dam considers welded and friction contacts in the structural connections. Contact elements based on the Coulomb's friction law provide friction between the surfaces. Hydrodynamic pressure on the upstream face is considered using the fluid finite elements based on the Lagrangian approach. This study presents accelerations during earthquake and peak acceleration amplification coefficients obtained from the dam.
According to this study, the horizontal accelerations and the peak acceleration amplification coefficients increase in the crest when the rockfill is linear and welded contact existed in the joints. However, the maximum horizontal accelerations and peak acceleration amplification coefficients decrease in the crest when the rockfill is materially non-linear. When the rockfill is linear for each reservoir condition, the peak acceleration amplification coefficients for friction contact are higher than those for welded contact. When the rockfill is non-linear the peak acceleration amplification coefficients obtained from the accelerations in the foundation of the dam for friction contact are higher than those for welded contact. In addition to this, the peak acceleration amplification coefficients obtained from the accelerations in the foundation of the dam are lower than those obtained from the bottom of the dam for friction contact.
